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A surface can be defined as a transition region between one medium and 
another and is different from region 1 and region 2. The properties at the 
surface deviate from those in the bulk due to broken and strained bonds as well 
as reduced density of atoms/molecules. Particularly in polymers, these 
deviations at the surface substantially impact the mechanical properties [1 - 
4]. One such mechanical property is the glass transition temperature (Tg) [5, 
6]. Investigations on polymer surfaces by various groups revealed that the 
surface Tg (Tgs) is not equal to the bulk Tg (Tgb) [7, 8]. While some groups claim 
that Tgs of a polymer is lower than Tgb [9 - 11], others claim that Tgs is higher 
than Tgb [12]. Yet, some other groups claim that there is no difference between 
Tgs and Tgb [13, 14]. 
 
In 2001, Zaporojtchenko , Strunskus, Erichsen and Faupel introduced a 
new technique for probing the Tgs of a polymer by the embedding of noble 




embedding of gold nanoparticles into polystyrene surface by atomic force 
microscopy. They suggested that there is a more mobile surface region of about 
3-4 nm thick, indicative of a lower Tg at the surface compared to the bulk [15]. 
However, in 2005 Hutcheson and McKenna presented an interpretation contrary 
to the results of Teichroeb and Forrest using a visco-elastic contact mechanics 
model [16, 17]. According to Hutcheson and McKenna, the embedding of gold 
nanoparticles was due to the indentation created by the large surface 
interaction between polystyrene and gold. Hence, they concluded that there is 
no possible existence of a so called “liquid layer” as proposed by Teichroeb and 
Forrest [16, 17]. After the controversy raised by these studies, it is understood 
that a better understanding of Tg of a polymer at its surface has yet to be 
attained. 
 
In the present work however, instead of atomic force microscopy, a 
novel optical spectroscopic approach was pursued to monitor the localized 
surface plasmon resonance (LSPR) of the gold nanoparticles. The nanoparticles 
were coated on the surface of poly isobutyl methacrylate (PiBMA) by physical 
vapor deposition. Subsequently, the LSPR spectra of nanoparticles on PiBMA 
were captured in a temperature-controlled optical cell in time series. A simple 
temperature control system was developed in the present thesis work, based 
on forced convective heating of the sample by Ar gas through the optical cell. 
Ar stream was heated in a glass capillary column inserted into an electrical 
resistance coil. The temperature is controlled by varying the electric current 
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and/or the Ar flow. The forced-convection heat transfer enables rapid 
stabilization of the temperature within seconds. The temperature was also 
measured at the sample surface using a K-type thermocouple. 
 
The interaction of light with the conduction electrons in nanoparticles 
results in collective oscillations of the electrons which are known as localized 
surface plasmons (LSPs). LSPs can be resonantly excited by light at a certain 
frequency known as the plasmon frequency [18, 19]. Plasmon frequency will 
shift with the variation in dielectric constant of the surrounding medium. This 
spectral shift forms the basis of detection in LSPR sensors, which have found 
significant use in biomedical research in recent years [61, 62]. 
 
Maybe the most interesting attribute of the LSPR sensing is that it can 
monitor the dielectric variations around the nanoparticle within a few nm of 
the nanoparticle surface. Upon incidence of light, the metal nanoparticle acts 
as an optical antenna coupling with the incident photons in a spatial range 
comparable to its size [20]. In other words, photons coupled with the LSP 
localize to close vicinity of the nanoparticle creating enhanced 
electromagnetic near fields. As a result, LSPR is susceptible to the close 
vicinity of the nanoparticle, while the variation in LSPR can be reported to the 




The impregnation or sinking of nanoparticles into the polymer is 
expected to cause spectral shift in LSPR of nanoparticles due to the changing 
dielectric environment surrounding nanoparticles. Because plasmon resonance 
fields are localized within a few nm from the nanoparticle surfaces, the signal 
will be selectively captured from the polymer region, which is within few nm of 
polymer/air interface.  
 
On the other hand, if an objective lens is employed to probe the 
polymer surface by elastic/inelastic scattering or absorption, the spatial 
resolution is diffraction limited to the wavelength of light. Chapter 2 discusses 
this diffraction limitation of light in detail. In the visible spectrum, the shortest 
wavelength is about 400 nm. At this wavelength, the objective lens focused on 
the polymer surface will collect the optical signal from a minimum depth of 
400 nm. Therefore, optical characterization of the polymer surface, which is 
the region within a few nm of the polymer/air interface, is practically out of 
question.     
 
Hence, by the approach of the present thesis, diffraction limit of light 
can be overcome as the impregnation of nanoparticle into the polymer can be 
monitored to a spatial resolution down to a nanometer. As mentioned above, 
time series LSPR spectra of nanoparticle on PiBMA were acquired in 
transmission mode in a temperature controlled optical cell using a CCD 
spectrophotometer. The effective dielectric constant surrounding the 
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nanoparticle was calculated from LSPR optical extinction peak wavelength. 
Depth and velocity of penetration of nanoparticle were derived from the 
derived dielectric constant on the basis of normalized penetration depth. 
 
A further advantage of the present approach lies in its being a non-
contact technique. In the AFM technique employed by Teichroeb and Forrest, a 
contact probe is used to scan the polymer surface that can result in wetting of 
the AFM tip with the polymer as the polymer surface reaches Tg. Also, there is 
a chance of the AFM probe drifting the nanoparticles on the polymer surface. 
This drawback is overcome in the technique of the present thesis as no 
mechanical contact is needed. 
 
The present thesis is organized as follows. Chapter 2 provides the 
background and literature review on deviation of Tgs of a polymer from bulk. It 
also furnishes the list of different methods followed by various groups in 
detecting the Tgs of polymers. Furthermore, it discusses the optical diffraction 
limit, a major setback in optical microscopy. This discussion is followed by the 
recent breakthroughs in overcoming this limit. 
 
Chapter 3 develops the model for computing the normalized depth of 
penetration of nanoparticles into PiBMA surface from the variation in LSPR 
optical extinction spectra as a function of time. 
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Chapter 4 describes the experimental methodology including the 
temperature control of PiBMA surface by the temperature control system built 
at Oklahoma State University Functional Nanomaterials Laboratory.  
 
Chapter 5 presents the time series LSPR spectra for embedding 
nanoparticles into PiBMA. The normalized depth of penetration vs. time was 
derived from the LSPR spectra using the model developed in chapter 3. Two 
types of measurements were conducted. First, the temperature was gradually 
increased from 25 to 70 °C at 5 °C increments maintaining the sample at each 
temperature for 10 min. The onset of nanoparticle penetration was found to be 
at 45 °C, which is 10 °C below the reported glass transition of PiBMA. Second, 
time series spectra were recorded at temperatures of 45, 55, 60, and 65 °C 
until saturation of the LSPR signal (i.e., end of penetration of nanoparticle). 
The activation energy for the penetration velocity was also derived. 
 
Finally, conclusions are drawn and suggestions for future research are 







LITERATURE REVIEW AND BACKGROUND 
 
Glass transition is observed in amorphous polymers. The Tg of polymers 
is defined as the temperature, at which a polymer experiences the transition 
from rigid to rubbery state with the increase of temperature [21]. Heating an 
amorphous polymer results in a polymer melt. Upon quench cooling, the molten 
polymer will be converted to glassy (amorphous) form. At a slower rate of 
cooling, the kinetic energy of molecules in the polymer cannot overcome the 
binding energy of the surrounding molecules and thus leads to the beginning of 
crystal formation. A fall in temperature further slows down the molecular 
motion resulting in a dynamic arrest of the molecules leading to the formation 
of a disordered glass at a certain temperature called the Tg. In the glassy state 
of a polymer, the atoms/molecules are prone to vibration only but not 
translational or rotational motion [77].         
 
In 1994, Keddie, Jones and Cory first observed the deviation of polymer 
Tgs from bulk by experimenting on a 40 nm thick polystyrene film 
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deposited on a silicon substrate [5, 22]. This discovery stimulated significant 
interest in study and characterization of Tg in thin polystyrene films. The 
observations on Tgs of polymers led to the assumption that a visco-elastic layer 
with higher mobility exists on the surface of a polymer [22]. Studying the Tgs of 
a polymer by embedding metal nanoparticles have been a topic of great 
interest in recent years. Table I provides a list of techniques implemented by 
various groups to probe the Tgs of certain polymers by means of embedding 



















Table I. Various techniques implemented in probing the Tgs of polymers by 
embedding nanoparticles [15-17 & 23-26]. 
 
Year Group Technique NPs Polymer Observations 
2001 
V. Zaporojtchenko,  
T. Strunskus,  
J. Erichsen and  









(0.5 – 2 µm) 
 
Tgs  Tgb 
2003 
J. H. Teichroeb and 




(10 and 20 nm) 
Polystyrene 
(180 nm) 
Tgs  Tgb 
2003 
R. Weber,  
I. Grotkopp,  
J. Stettner,  
M. Tolan and  




(0.9 – 1.8 nm)  
Polystyrene 
(80 – 100 nm) 
Tgs  Tgb 
2004 
J. Erichsen,  
J. Kanzow,  
U. Schurmann,  
K. Doigner,  
K. Gunther-Schade, 
T. Strunskus,  
V. Zoporojtchenko, 





(2.2 – 2.6 nm) 
Polystyrene 
(200 nm) 
Tgs  Tgb 
2005 
S. A. Hutcheson and 










Tgs 	 Tgb 
2007 
R. D. Deshmukh and 
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Accordingly, there are several open questions yet to be addressed: 
1. Is Tgs equal or above or below Tgb? 
2. If Tgs differs from Tgb, what is the distance from the polymer-air 
interface, where glass transition temperature is notably different than 
that in the bulk (Tgb)?  
3. What is the mechanical behavior of the polymer surface at a 
temperature equal or higher than Tgs but lower than melting 
temperature; is it viscous or visco-elastic? Is it possible to explain the so 
called “liquid layer” proposed by Teichroeb and Forrest [15] as the 
polymer, which is substantially above its Tg so that it behaves like a 
viscous liquid?   
4. If the indentation of nanoparticles into polymer surface occurs below 
Tgs, why does it take minutes? Can the polymer wet the nanoparticle 
surface below Tgs and lead to surface energy reduction? 
Therefore, a further investigation is essential to address the above questions. 
 
In the present work, the LSPR of gold nanoparticles, which is 
characterized by optical extinction, plays a key role in probing Tgs of PiBMA. 
For a clear understanding of the method and principles involved, an intrinsic 
review of optical microscopy and recent breakthroughs in the field is 




Optical microscopy has proven to be an invaluable tool for studying the 
microstructure. However, investigation of Tgs of a polymer requires a spatial 
resolution of 0.1 to 10 nm. Thus for studying this particular problem, one 
requires a microscopy technique whose resolution is of the order of at least 10 
nm. Such a high resolution is impossible to attain in optical microscopy due to a 
fundamental limitation known as the “optical diffraction limit” [28-31].  
 
It was Ernst Abbe in 1873, who deduced that the maximum resolution for 
an optical microscope is limited by the ability of its lens to focus a beam of 
incident light at a specific point (“focal point”) [30]. Concentric circles appear 
at the focal point due to the phenomenon of diffraction. Hence, the distance 
between concentric circles defines the resolution limit of an optical microscope 
and is approximated by Abbe as    
 
                                                                                (2.1) 
 
where,    is the distance between concentric circles,    is the wavelength of 
light in vacuum,    is the refractive index of the medium, and    is the 
convergence angle of the incident beam of light for the lens. The denominator 
in Equation 2.1      is defined as the numerical aperture of the optical 
system [30, 31]. The numerical aperture is mere a number that indicates the 
resolving power of a lens. The resolution of immersion microscopes has a slight 
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advantage over optical microscopes on the order of . However, the 
increased resolution is limited to the available transparent materials with a 
small range of    [32-43]. 
 
For a period of time the only possible way to gain nanometer level 
spatial resolution for optical microscopy was to detect the evanescent optical 
waves in very close proximity of a studied sample using a scanning near-field 
optical microscope (NSOM) [44]. The high resolution NSOM has made it possible 
to image and map the LSPs [45]. NSOM is not affected by the optical diffraction 
limit. In general, NSOM has an optical fiber enclosed at one end with a metallic 
elongated sharp tip with a nanometer size opening. The Illumination is then 
introduced through this tip in order to scan the sample which is few 
nanometers away from the tip [46-51]. Thus, the optical resolution of NSOM is 
defined by the inner diameter of the tip. In order to achieve nano-scale optical 
images the tip is raster scanned over the sample by means of a piezoelectric 
drive through a scanning force microscope [52-54].  
 
Even though high resolution can be achieved, NSOM is challenged by two 
major hurdles. First, designing a precise metal coated optical-fiber-tip with 
nano-scale interior diameter in order to allow the light sufficient enough for 
illuminating without causing damage to the sample is a difficult task. Second, 
the tunneling region of the probe is prone to intensity decays. These problems 
create challenges for analysis of data obtained through NSOM [55].   
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Furthermore, even though near-field optics still yields many interesting 
results, they are incomparable with the regular far-field optical microscopes in 
terms of specificity and convenience. Moreover, an image of a near-field 
optical microscope is obtained by indirect and extremely slow process of 
scanning the sample in a point-by-point manner [56]. The limitations of 
ordinary NSOM can be overcome by aperture-less NSOM. In the aperture-less 
NSOM technique, the scattered light is detected at the far field after the 
sample is illuminated at the near field by laser light through a sharp metallic 
probe. The optimized resolution of aperture-less NSOM owes to the optical 
field enhancement at and near the sample-probe tip region [57].  
 
Discerning the optical properties of noble metal nanoparticles is of 
fundamental and practical importance [58]. According to quantum mechanics, 
a plasmon is created whenever a photon (light) is coupled to the coherent 
oscillation of conduction electrons. The LSP is a quasi-particle which lives only 
for 10 fs and then disintegrates into a photon or phonons (i.e. heat). The 
disintegration or decay of a plasmon to photon is called “Scattering” while the 
decay of a plasmon to phonon(s) is called “Absorption”. The sum of absorption 
and scattering is called extinction.  
Thus,   
                             




When the frequency of an incident photon is in resonance with the 
frequency of collective oscillation of the conduction electrons, the noble metal 
nanoparticles exhibit a strong extinction band absent in the bulk metal 
spectrum [62]. This phenomenon is known as LSPR. The intensity and frequency 
of the extinction bands depend upon the size, shape and the medium 
surrounding the nanoparticles. The construction of various LSP based sensors 
rely on these important properties of the metal nanoparticles [63-70, 72-75].    
 
The optical extinction of a metallic sphere in wavelengths much longer 
than the size of the sphere is deduced by Gustav Mie interpreting the optical 
properties of noble metal nanoparticles in relative simplicity and versatility 








In 1908, by fully solving for the Maxwell’s Equations, Mie obtained an 
analytical solution for the extinction cross section of a solid sphere, ,*, in an   
electromagnetic field of angular frequency -. In case the sphere’s diameter is 
significantly smaller than the wavelength of light (e.g., 20 times smaller), ,* 
is given by 
 
 ,*-  . - /0
12 /-33/-4/0543/-55                                   (3.1)     
 
where, 3/-' /-5  and  /0  are the dielectric functions for the sphere 
and the surrounding medium, respectively [76]. 2  is the sphere’s volume, and 
   is the velocity of light. ,*  is defined such that, for a single nanoparticle, 
6* !  7,*, where  6* !  is the electromagnetic power coupled to 
the nanoparticle, which subsequently transforms it to re-emission (scattering) 
and/or heat (absorption) (i.e., extinction = absorption + scattering), and  7  is 
the incident irradiation (power per unit area). 
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Clearly, ,* has a resonance for 
 
 /-' /0  8 !%/-  9/08 )-  -:$&,         (3.2) 
 
that is known as the localized surface plasmon resonance (LSPR), while 
-  -:$&  is called the localized surface Plasmon (LSP) frequency. Obviously, 
-:$&  will shift with the variation in  /0. This forms the basis of detection for 
typical LSPR sensors. The real component of the dielectric function for the 
metals can be approximated as the sum of a term derived from free electron 
theory (plasmonic term) and a second term accounting for the deviations from  
the free electron behavior (i.e., interactions with atomic cores, intra-band and 
inter-band transitions), / , as:  
  
 /-   9 -&

- ' /                                                                   (3.3) 
 
where  -& is the bulk plasmon frequency [76]. For gold,  /  and  -&  have 
been reported to be 10 and 6.97 eV, respectively [77]. Hence the resonance 




  9 -&-:$& ' / ' /0                                                             (3.3a) 
  
 /0   ;
:$&
& 9 / 9 <                                                    (3.3b) 
 
where, =$denote the corresponding wavelengths. For an isolated gold 
nanosphere in vacuum  /0    the resonance wavelength, :$&, is found to 
be  :$&  >1&. Given  & 144 nm for gold,  :$& is found as 520 nm [76].  
 
The resonance frequency of gold nanoparticles coated on PiBMA is 
measured as 554 nm, which is red shifted from that of isolated nanoparticles. 
In other words, the effective  /0  is larger than 1, although the particles have 
not yet penetrated into the polymer. We attribute this higher value of  /0 to 
electromagnetic coupling between the nanoparticle and underlying polymer. 
Once the nanoparticle starts embedding into the polymer, the coupling with 
the polymer increases leading to a higher effective /0 and increase in  :$&.   
 
However, the interaction of the nanoparticle with the polymer during 
the embedding is dominantly in the near field as the polymer wets the surface 
of the nanoparticle. This near field coupling is due to strong concentration of 
photons (i.e., electromagnetic field) by the LSP mode, which is basically a 
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giant oscillating dipole. In a point dipole, the field decays as1, where  
is the distance from the dipole center. Accordingly, the photon concentration 
decays as  . Hence, the electromagnetic coupling of the nanoparticle 
with its surroundings occurs in a skinny region, whose thickness is less than the 
radius of the nanoparticle.   
 
If we only consider the polarization in the near field, the effective 
dielectric constant would be/. However, including the contribution due to 
polarization in the evanescent field, ?*, the effective /0 is: 
 
/0  / '?*                                        (3.4) 
 
Before embedding of the nanoparticle, there is no polymer wetting the 
nanoparticle surface.  Hence  /   and  /0  ?* . An exact derivation of  ?* 
is a challenging task that requires for a solution of the field distribution for a 
given penetration depth,. For convenience, we will consider  ?*  as constant 
and derive its value from the initial value of  /0 before embedding, /0@ as: 
 
?*  /0! 9                                                                    (3.5)     
 
Second, we will derive  /. To help with this derivation, a simple 
geometrical model for the embedding nanoparticle is illustrated in Figure 3.1. 




Figure 3.1. Schematics illustrating the sinking of a nanoparticle (NP) in a polymer. 
 
To obtain an approximate expression for / , we will consider the 
vicinity of the nanoparticle, where field around the particle concentrated to. 
Electromagnetic coupling of the nanoparticle with its surroundings occurs in 
this skinny region surrounding the particle. Accordingly, a spherical shell of 
thickness B surrounding the nanoparticle is considered. B is significantly 
smaller thanA, the radius of the sphere. The average density of molecules, 
C, situated in this volume is given by 
 
 C  C&"BDEAB                                                                   (3.6)    
 
where " is the surface area of the sphere in contact with the polymer, and 
C& is the molecular density of the polymer. At full penetration, C  A 









 "  F F A GG  EAGGH
E
H                            (3.7) 
 
In this integration, a fortunate relation isA !$I  A 9 , which 
simplifies its solution. 
Therefore, Equation 3.6 resumes to 
 
 C  C&A                                                             (3.8) 
 
The next step is to relate  / to  C as: 
 
 /   ' CJ/                                                               (3.9) 
 
where,  C  is the number of dipoles (e.g., mers) per unit volume,  J  is the 
molecular polarizability (i.e., for a mer), and  /  is the permittivity of the free 
space. Combining Equations 3.8 and 3.9 we get: 
 
 /   ' C&J/ 

A                                                       (3.10) 
 
Finally, combining Equations (3.4), (3.5) and (3.10) 
 
 /0  /0@ ' C&J/ 

A                                                   (3.11) 
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Upon complete embedding of the NP (i.e.,   A), the effective dielectric 
constant reaches a value of   /0K  /0A  /0@ ' C&J/@  . Therefore,  
C&J
/@  /0K 9 /0@. Accordingly, Equation 3.11 can be rewritten as: 
 
 /0  /0@ ' /0K 9 /0@  A                                             (3.12) 
 
Eventually, the penetration depth, 8  is found as 
 
   A /0L/0@/0KL/0@                                                              (3.13) 
 
Therefore, the normalized penetration depth,    A  can be written as: 
 
   /0L/0@/0KL/0@                                                                   (3.14) 
 









4.1 Sample preparation 
 
3 wt% PiBMA was dissolved in acetone by ultrasonication for 15 min and 
stored in a glass bottle with air tight seal. 1" × 1" Corning code 1737 glass 
substrates were first cleaned by brushing in 50% isopropyl alcohol in de-ionized 
water solution. The glass substrates were further cleaned in 100% isopropyl 
alcohol under ultrasonication for 15 min followed by thorough rinsing with de-
ionized water and Ar blow dry. Finally, the substrate was placed on a hot plate 
at a temperature of 400 °C for 10 min to desorb the moisture.  
 
Subsequently, the PiBMA solution was spin coated on the 1" × 1" glass 
substrates at 1500 rpm yielding approximately 200 nm thick films [71]. In order 
to evaporate the residual solvent and release the residual stress induced in the 




than the Tgs of PiBMA (i.e., 55 °C). 
 
The final sample preparation step involves coating of gold nanoparticles 
on the polymer by physical vapor deposition using Cressington 208 physical 
vapor deposition system equipped with a crystal thickness monitor. The 
deposition was carried out by melting a 0.49 g gold slug (obtained from Alfa 
Aesar) in a tungsten filament basket with a deposition rate of 0.1 nm/s. The 
current through the tungsten basket was recorded to be 33 A. The base 
pressure prior to gold deposition was  4×10-5 Pa. The deposition was 
performed to a thickness of 0.8 nm. 
 
4.2 Optical measurements 
 
4.2.1 Extinction and Transmission 
 
Transmission M is given by   77, where  7  is the transmitted radiation 
and  7  is the incident radiation.  The “Extinction”   in optical spectroscopy 
is defined as the negative logarithm of  M  and is given by the following 
equation 
 




When a beam of light is obstructed by a layer of nanoparticles, a 
fraction of electromagnetic power is absorbed and scattered by the 
nanoparticles whereas the rest is transmitted. In optical spectroscopy, since 
the absorbed or scattered photons (light) do not reach the detector of the 
spectrometer, these photons are called the “extinct” photons.   
 
In a medium prone to photon extinction, the intensity of light decays 
exponentially in the direction of its propagation. In such a medium, the 
transmitted light is given by: 
 
 7  7*LJ                                                                                   (4.2) 
 
Here, 7N 7  are the intensities of the transmitted and incident light 
respectively, J  is the “extinction coefficient” and    is the distance traveled 
by the light. The extinction coefficient J8 is a measure of how strong a 
medium absorbs and scatters the light.  
  
The extinction spectrum of the sample was determined using an optical 
spectrometer. Basically, an optical spectrometer consists of a light source, 
detector and a sample holder as shown in Figure 4.1. In the present study, a 
StellarNet EPP 2000Cs UV-Vis spectrometer (2048 pixel CCD detector, 2400 
g/mm grating, 2 nm optical resolution, 200 µm slit size, deuterium + tungsten- 
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halogen light source) was employed for the optical extinction measurements of 
the sample. The sample was diced to 1" × 0.5" size and placed inside a glass 
optical cell. It was immobilized in the cell by a miniature steel spring. The 
optical cell is then placed inside the optical cell holder of the spectrometer for 
measuring the optical extinction. In order to maximize the signal to noise (S/N) 
ratio, the integration time was adjusted to 80 ms just avoiding the detector 
saturation. Recording of a single spectrum involved 50 accumulations.  
 
In the present thesis work, optical extinction of gold nanoparticles 
(AuNPs) due to LSPR is key to studying the surface transition of the polymer. 
However, the recorded extinction spectrum is the sum of extinctions of the 
gold nanoparticles, optical cell, PiBMA and the glass substrate. Hence, the 
optical extinction of gold nanoparticles alone can be obtained by subtracting 
the extinction of PiBMA coated glass substrate without gold nanoparticles from 
the extinction of PiBMA coated glass substrate with gold nanoparticles. To 
consummate this operation, a reference (PiBMA coated glass substrate without 
gold nanoparticle deposition) was employed. Thus, the optical extinction of 
gold nanoparticles was obtained by subtracting the extinction of reference 
from the total extinction.  In summary, 
 




 %*K*%* *  O& ):: *:: ' 6QR" ' (P#$%)*                      (4.4)  
 
 S "PC6$  !): 9 %*K*%* *                                                 (4.5) 
 
 
The above subtraction was performed by the SpectraWiz graphical user 
interface software of the optical spectrometer once  !):  and   %*K*%* *  
was obtained.  
 
Two types of extinction measurements were conducted. First, the 
temperature was gradually increased from 25 to 70 °C at 5 °C increments 
maintaining the sample at each temperature for 10 min. When the polymer 
surface approaches Tgb, the gold nanoparticles begin to gradually sink into the 
polymer surface introducing an eminent shift in the optical extinction of 
nanoparticles due to variation in   /0 . Second, time series extinction spectra 
were recorded at temperatures of 45, 55, 60, and 65 °C until saturation of the 
LSPR signal (i.e., end of penetration of nanoparticle).     
 
4.2.2 Temperature Control  
 
As it follows from the above discussion, the present investigation 
requires a temperature control system that offers high precision and fast 
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stabilization. Since these requirements cannot be met by a hotplate or oven, a 
custom-made temperature control system was built.   
 
The temperature control system comprises the following basic steps. 
First, Ar from the gas cylinder is allowed to flow through a heated glass tube as 
illustrated in Fig. 4.3. The tungsten coil wound around the tube provides the 
heating and is powered by a VARIAC. The VARIAC allows temperature control by 
varying the current through the heating coil. Subsequently heated Ar is guided 
to the optical cell containing the sample in order to maintain the polymer film 
at controlled temperature. The sample thus gets heated uniformly by means of 
forced convection heat transfer by Ar flow inside the optical cell. In addition, 
forced convection provides quick stabilization of the temperature. Finally, Ar 
flow exits the optical cell through an outlet needle. The flow rate of Ar was 
125 cc/sec. A K-type thermocouple is inserted into the optical cell for 
monitoring the sample temperature. The tip of the thermocouple probe is 
positioned within 1 mm of the sample surface. The components of the 
temperature controller system are illustrated in Figs. 4.1, 4.2, and 4.3 and 
listed as follows:   
• Heating glass tube: 7" length, 0.2" inner diameter (Fig. 4.3) 
• Heating coil: 5" coiled length, 0.2" outer diameter (intact) (Fig. 
4.3) 
• HH11A digital thermometer with K-type thermocouple (KMQSS-
010(G)-12, 12" length and 0.01" sheath diameter, grounded probe) 
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• 2 silicone rubber connecting tubes (3 ft and 6 ft) 
• 2 16 G1 precision glide needles  
• Vertical stand with two rubber clamps.  
 
 
Figure 4.1. Illustration of the custom-made temperature control system. 
 
 


































Figure 4.3. Photograph of the heating coil-wound-glass tube employed in the temperature-control 
system.  
 
The glass tube was inserted into the heating coil making a firm contact 
leaving 1" bare- unwound edges of the tube on either side as shown in Figure 
4.3. The glass tube along with the coil is held in a fixed horizontal position 
between two fiberglass coated clamps supported by the vertical stand. A 3 ft 
long silicone rubber tube connects the outlet of the compressed Ar supply to 
the inlet of the glass tube while a 6 ft long silicon rubber tube connects the 
outlet of glass tube to the inlet of the optical cell. The connection to the 
optical cell is through a 16 G1 needle pierced into the septum of the optical 
cell.  
 
In addition, the K-type thermocouple probe was inserted into the optical 
cell through a temporary 16 G1 needle pierced into the septum. Once the 
1" 1"
7" length, 0.2" inner dia. glass tube
5" length, 0.2" outer dia. heating-coil
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thermocouple probe tip was located near the sample surface, the temporary 
needle was removed. Finally the two terminals of the heating coil were 
connected to VARIAC power supply. This completes a home-made temperature 
control system required for the spectral acquisitions. During the measurement, 
the temperature showed minimal fluctuations and was maintained within ± 0.5 
°C of the targeted temperature; i.e., of 45, 55, 60 and 65 °C.     
 
4.2.3 Spectral Measurements 
 
As mentioned earlier, optical extinction measurements were carried out 
in two ways: a) temperature series spectra by varying the temperature for a 
fixed sample; b) time series spectra at constant temperature for a fixed sample 
(conducted at 4 different temperatures).  
A. Temperature series spectra: 
After the sample was enclosed in optical cell and placed in cell holder 
the optical extinction spectra were recorded for incremental values of 
temperature beginning from a temperature lower than Tgs to a temperature 
higher than Tgs of the polymer. The time variation of the temperature was in 
“stairs-function” fashion, where the sample was kept at each temperature step 
for 10 minutes before a spectrum acquired. The optical extinction spectra 
remained stable until the temperature reached Tgs of the polymer beyond 
which the spectrum started to show a significant peak shift. When the optical 
extinction peak wavelengths were plotted against the temperature, a sudden 
31 
 
increase in the graph was observed on the temperature scale, thus revealing 
the glass transition of the polymer at the surface.    
 
B. Time series spectra: 
The spectrometer was set to capture time series spectra at a fixed 
temperature above Tgs of the polymer at a rate of 1 spectrum per min. The 
time series acquisition started once the temperature is stabilized to the 
targeted temperature. The stabilization typically took 25-30 sec. The 
acquisitions were performed for 4 different temperatures (i.e., 45, 55, 60 and 
65 °C). As presented in Chapter 3, the present work has developed a 
normalized penetration depth model to analyze the time series extinction 
spectra and derive the sinking dynamics of the gold nanoparticles at the 






RESULTS AND DISCUSSION 
 
5.1 Temperature series spectra 
  
The initial investigation of the present work involved subjecting a gold 
nanoparticle coated polymer film (i.e., the sample) to a set of increasing 
temperatures from 25 to 70 °C with 5 °C increments. At each temperature 
step, the sample was maintained for 10 min before recording the optical 
extinction of gold nanoparticles.  The extinction spectra are shown in Figure 
5.1 and 5.2 and the corresponding peak wavelengths at the end of each 





Figure 5.1.  Temperature series optical extinction spectra of gold nanoparticles deposited on PiBMA. 
 
 Figure 5.1 exhibits a certain level of noise and hence the data is 
smoothened by Savitzky-Golay method and the resulting spectra is shown in 
Figure 5.2. 































Figure 5.2.  Smoothened data of temperature series spectra of gold nanoparticles deposited on PiBMA. 
 































Figure 5.3.  Optical extinction peak (wavelength) versus temperatiure of gold nanoparticles deposited on 
PiBMA. 
 
From Figure 5.3, it is observed that the optical extinction peak wavelength of 
gold nanoparticles remains constant until the temperature of the sample 
reaches 40 °C. When the sample temperature is increased to 45 °C, the 
extinction peak wavelength undergoes a red shift of 4 nm. As stated in Chapter 
3 of this thesis, a change in /0 -:$& introduces a spectral shift in,*. Thus, 
the observed peak shift at 45 °C suggests that there is a change in the 
surrounding medium of gold nanoparticles (i.e., a shift in  /0) when the 
polymer temperature is incremented from 40 to 45 °C. The change in the 
surrounding medium of gold nanoparticles can be explained by embedding (at 
least partially) of the gold nanoparticle into polymer surface.  In turn, this 
































embedding of the particles into polymer surface implies that the PiBMA surface 
experiences a transition from rigid to rubbery state between 40 and 45 °C. 
Hence by the definition of Tg of a polymer, the PiBMA surface reaches its Tg 
(Tgs) between 40 and 45 °C. The rubbery (i.e., viscous) state of the polymer 
surface allows the polymer flow around the nanoparticle and adsorb on the 
nanoparticle surface for minimization of the surface energy. Hence, the 
problem can be viewed as either embedding of nanoparticle into polymer 
surface or flow of polymer around nanoparticle. The driving force is the 
minimization of surface energy. In the rigid state of the polymer however, this 
process is kinetically inhibited and thermodynamic equilibrium cannot be 
established.   
 
 Interestingly, the data of Fig. 5.3 imply an offset of 10 °C or more 
between the Tgs (between 40 to 45 °C) and Tgb (55 °C). This finding is in 
agreement with Teichroeb and Forrest [15].   
  
From Fig. 5.3 it is observed that when the temperature of the polymer is 
increased beyond 45 °C, the extinction peak shows further red shift until 65 
°C. This observation suggests that at the end of the 45 °C exposure (10 
minutes), the nanoparticles embed into the polymer only partially. Further, it 
is understood from the saturation of peak wavelength beyond 65 °C that the 
embedding stops sometime during the 65 °C anneal step. It is expected that 
saturation in the peak wavelength is indicative of complete embedding of gold 
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nanoparticles into PiBMA, because energy reduction should continue until all 
the nanoparticle surface is wetted by the polymer.   
 
5.2  Time series spectra  
  
 In order to study the kinetics of gold nanoparticle penetration into 
PiBMA surface, time series LSPR optical extinction spectra of gold nanoparticles 
were acquired at four different temperatures at or higher than the Tgs of PiBMA 
i.e., at 45, 55, 60 and 65 °C.  
  
 Figure 5.6 shows the time series spectra of gold nanoparticles on PiBMA 
when they are exposed to 55 °C for 40 minutes. For a conspicuous glance of the 
peak shifts in time series spectra until the saturation, the data for the first 20 
minutes of spectra was extracted from Fig. 5.4, smoothened and plotted in Fig. 






Figure 5.4. Time series LSPR optical extinction spectra of gold nanoparticles deposited on PiBMA at  


































Figure 5.5. Original (top) and smoothened (below) time series extinction spectra of gold nanoparticles on 
PiBMA at 55 °C during the first 20 minutes.  
   
 
 






















































Figure 5.6. Peak shift in time series LSPR optical extinction spectra of gold nanoparticles deposited on 
PiBMA at 55 °C.  
 
 Figures 5.5 and 5.6 show time series optical extinction spectra of gold 
nanoparticles on PiBMA surface at 55 °C in 1 minute intervals for 40 minutes. It 
is seen that the peak wavelength shift is almost linear with time until the first 
20 minutes which thereafter stops indicating the complete embedding of 
nanoparticles into the polymer. 
 
 Figure 5.7 shows the time series optical extinction of gold 
nanoparticles on PiBMA for 40 min at 60 °C. Figure 5.8 shows the smoothened 
data of Figure 5.7. And Figure 5.9 shows the corresponding shift of the 
extinction peak wavelength in 1-minute intervals. As in 55 °C, the peak shift is 
fairly linear with time. However, the peak shift lasts for a shorter duration of 





























14 minutes before saturation. Thus, the embedding speed increases with 
temperature that may be explained by reduced viscosity of the polymer. 
 
 





































Figure 5.9. Peak shift in time series LSPR optical extinction spectra of gold nanoparticles on PiBMA at  
60 °C.  
      






















































 Finally, Fig. 5.10 shows the time series extinction spectra of gold 
nanoparticles on PiBMA at 65 °C for 40 min. Figure 5.11 shows the smoothened 
plot of Figure 5.10 and Figure 5.12 shows the corresponding peak shift for each 
minute. It is evident in Figure 5.12 that the extinction peak wavelength shift 
with time is almost linear for 10 minutes, after which a point of saturation is 
reached indicating the completion of gold nanoparticle embedding into PiBMA 
surface.   
   
Figure 5.10. Time series LSPR optical extinction spectra of gold nanoparticles deposited on PiBMA at  
65 °C.  
 

























Figure 5.11. Smoothened time series extinction spectra of gold nanoparticles deposited on PiBMA at  
65 °C.  
 
Figure 5.12. Peak shifts in time series LSPR optical extinction of gold nanoparticles deposited on PiBMA at 
65 °C.  






















































Figure 5.13 shows the time series extinction spectra of gold nanoparticles at 45 
°C for a duration of 60 min.    
 
Figure 5.13. Time series LSPR optical extinction spectra of gold nanoparticles deposited on PiBMA at  
45 °C. 
 
Since the time series spectra in Figure 5.3 exhibit a certain noise level, the 
spectra were smoothened by Savitzky-Golay polynomial regression with the 
objective of accurate determination of the peak wavelength. The smoothened 
spectra are plotted in Fig. 5.14.  
 



























Figure 5.14. Time series extinction spectra of gold nanoparticles on PiBMA at 45°C after Savitzky-Golay 
smoothening. 
 
Figure 5.15. Extinction peak wavelength as a function of time at 45°C. 






















































 As depicted in Fig. 5.15, the extinction peak reaches a point of 
saturation (570 nm) at the 43rd minute that indicates the complete embedding 
of nanoparticles into polymer surface. In Figure 5.14, a second peak is 
observed to emerge at the 30th minute which thereafter continuously redshifts 
through the acquisition. This longer wavelength peak is not observed in the 
time series spectra of gold nanoparticles penetrating into PiBMA at higher 
temperatures. On the other hand, the shorter wavelength peak in Fig. 5.14 is 
found at around the same wavelength and saturates to the same wavelength as 
in higher temperature exposures. Therefore, the presence of two different 
plasmon resonance peaks in the extinction spectrum (Fig. 5.14) implies two 
different nanoparticle populations on the PiBMA surface. The shorter 
wavelength peak is associated with dispersed gold nanoparticle as in the 
temperature exposures of 55, 60, and 65 °C. On the other hand, the longer 
wavelength plasmon resonance peak must be associated with either a 
nanoparticle population penetrating into a region of significantly higher 
dielectric constant or a nanoparticle population experiencing aggregation. The 
former explanation suggests significant dielectric constant variations on the 
PiBMA surface at 45 °C. Because glass transition occurs in a range of 
temperatures and 45 °C is at the onset of this transition, one may expect 
property variations at the surface. However, previous work on the dielectric 
constant of polymers during glass transition demonstrated only minor variations 
[74]. Accordingly, we rule out the first explanation. The second explanation 
argues that NP aggregation is responsible for the longer wavelength peak. NP 
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aggregation leads to a red shifted plasmon peak due to particle-particle 
electromagnetic coupling (i.e., plasmon hybridization). This phenomenon is 
observed when the ratio of interparticle separation to particle diameter is 
reduced significantly below unity [75]. We argue that part of the nanoparticle 
population may experience aggregation when nanoparticle embedding rate is 
significantly nonuniform over the surface. At 45 °C, which is the onset of glass-
to-rubber transition, it is likely that the polymer surface shows significant 
viscosity variations at the nanoscale. Therefore, some nanoparticles may 
experience slower or no penetration. Further, these slower particles may 
undergo lateral motion on the surface due to the flow patterns created by the 
sinking particles. In turn, this lateral movements may result in aggregation of 
the nanoparticles. 
  
 An interesting observation from Figure 5.15 is, even though the peak 
shift was observed to be linearly increasing with time there are eminent steps 
before saturation is reached. This step formation explains how the 
nanoparticles are not suddenly but gradually embedding into the PiBMA surface 
with time. One possible explanation to the gradual embedding of nanoparticles 
could be: the viscosity of the top most layer of the polymer surface may be 
decreasing with time thus resulting in the nanoparticle embedding into that 
particular surface layer. And, with further increase in time, the layer just 
beneath the top most surface layer could be becoming less viscous and thus 
resulting in further embedding of the gold nanoparticle. Thus the whole 
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process is continued until the saturation was reached at which the nanoparticle 
has completely embedded into the polymer surface.  
 
   
Figure 5.16. Peak shifts in time series LSPR optical extinction of gold nanoparticles deposited on PiBMA at 
45, 55, 60 and 65 °C.   
 
 Figure 5.16 compares the kinetics of extinction peak wavelength (gold 
nanoparticles on PiBMA) for 4 different temperatures: 45, 55, 60 and 65 °C. A 
systematic increase of embedding rate of gold nanoparticles with temperature 
is inferred.  As mentioned earlier, increased embedding rate is attributed to 
reduced viscosity of the polymer. Neglecting the inertial forces, the surface 
energy induced force on the nanoparticle must be balanced by the viscous 
force. Assuming a weak dependence of the surface energies on the 
temperature, the surface-induced force has no variation with temperature. So 



































does the viscous force. Because, the viscous force is a product of viscosity and 
shear rate (i.e., increases with embedding speed in this case), the increasing 
penetration rate with temperature suggests decreasing viscosity with 
temperature. Indeed, it is a well known fact that the viscosity of a polymer 
above its Tg decreases with increasing temperature. Figure 5.16 also shows the 
extinction peak saturates to the same wavelength of 570 nm irrespective of 
temperature. This result indicates the gold nanoparticle embed into the 
polymer at the same volume fraction independent of temperature. Most likely, 
nanoparticles embed into the polymer completely. Further, this result also 
suggests that the dielectric constant of the polymer has negligible variation in 
the range of 45 to 65 °C.   
 
5.3 Calculating the normalized penetration depth  from the time 
series LSPR optical extinction spectra 
  
 Figure 5.17 shows the normalized penetration depth  for gold 
nanoparticle as they embed into PiBMA (i.e., as a function of time) for 4 
different temperatures. Here,  values are calculated using Equation 14 of 
Chapter 3.  is the fractional contribution of the polymer to the effective 
dielectric constant around the nanoparticle that continuously increases as the 
nanoparticle embeds into the polymer. As it is derived in Chapter 3,  is 
fraction of the surface area wetted with the polymer, which turns out to be 
penetration depth divided by diameter for a spherical nanoparticle. However, 
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even before the embedding starts, at a temperature below Tgs, the 
nanoparticle has electromagnetic coupling with the polymer surface. It is 
evident from Fig. 5.17 that the  increases linearly with time for all 4 
temperatures. 
 
Figure 5.17. Average normalized penetration depth () for the surrounding medium of AuNPs as they 
embed into PiBMA at 45, 55, 60 and 65 °C. 
 
 
5.4 Calculating the average penetration depth from the time series LSPR 
optical extinction spectra 
 The average penetration depth for nanoparticles can be calculated 
using Equation 3.13 of Chapter 3 as:    A  where,    is the normalized 
penetration depth and    is the depth of penetration of a nanoparticle into 































polymer surface and  A  is the radius of the nanoparticle. Here, the averaging 
is over the nanoparticle population probed by the optical beam of 2 mm cross 
section.  Furthermore, the average rate of depth of penetration of a 
nanoparticle can be calculated from the equation:  T  AT.   
  
 Figure 5.18 shows the semi- logarithmic relation between the 
penetration rate vs.  UM  where,  U  is the Boltzmann’s constant and  M  is 
temperature in Kelvin. The penetration rate values are derived from the data 
of Fig. 5.15 and based upon the linear regime. From the plot it is clear that the 
rate of penetration  UM  reveals a Boltzman factor:  %)*  V*
W)UM . This 
explains that the speed of nanoparticle penetration is thermally activated. The 
thermally activated nature of the embedding process may be explained by the 
requirement for displacement (i.e., flow) of the polymer at the vicinity of the 
nanoparticle while it is embedding. The displacement requires cleavage of the 
bonds between the polymer chains as well overcoming steric hindrances. 
Therefore, it is thermally activated. The activation energy,  ) , is found to be 
0.65 eV. From continuum point of view, as discussed earlier, thermally 
activated embedding speed can be explained by temperature dependence of 
the viscosity. Due to the inverse relation between speed and viscosity, an 
inverse Boltzmann factor for viscosity is inferred. Indeed, a number of 
publications in the literature report that the temperature dependence of 
viscosity in polymers is governed by an inverse Boltzmann factor:  
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The dynamic viscosity of the polymer can be related to the activation energy as 
[78], 
 X  "*&)UM                                                          (5.1) 
Where,  
) = activation energy 
U= Boltzmann constant, and  
M = temperature in Kelvin. 




Figure 5.18. Rate of penetration of gold nanoparticles into PiBMA against UM.  
 


















5.5 Driving force behind the embedding of a nanoparticle into the 
polymer surface 
 
Following Hutcheson and McKenna, the force acting on a nanoparticle on 
a polymer surface, Y, is given by [17] : 
 
 Y  E%Z(2 ' Z[2 9 Z([                                          (5.2) 
 
Where  %  is the contact radius such that  E%  is the wetted perimeter of 
the nanoparticle by the polymer.  Z(28 Z[28 Z([ are the gold solid-vapor, 
polymer liquid-vapor and gold-polymer surface energies, respectively. 
Neglecting the gravitational and body forces, as well as the elastic force, Y 
must be in balance with a viscous force as: 
 
 Y  E%Z(2 ' Z[2 9 Z([  X\T 8                   (5.3)
 
where X is the dynamic viscosity of the polymer and  "\ is a time varying 
function having the unit of length. "\ is related to the geometry of the 
particle accounting for the viscous resistance. Accordingly, "\ must 




Since the experimental data in Figure 5.17 suggest that  T  is fairly 
constant with time, from Equation 5.3 it follows that the viscous force 
responsible for nanoparticle embedding is approximately of the form: 
 
 Y]  VX%T 8                                                                      (5.4)
where V is an appropriate unitless constant. 






CONCLUSIONS AND FUTURE WORK 
 
The following conclusions were drawn from the results obtained in this 
thesis: 
1. A novel technique is demonstrated where the Tgs of PiBMA was detected 
by the variation in LSPR optical extinction spectra of gold nanoparticles 
embedded on the polymer surface.   
2. The shift in LSPR optical extinction peak wavelengths corresponding to 
the Tgs of PiBMA was observed at 10 °C less than the Tgb of PiBMA. 




3. Also as the results in Figures 5.1, 5.2 and 5.3, indicate that the polymer 
experiences the transition from rigid to rubbery state in the temperature 
zone of 45 °C to 65 °C, we conclude that the Tg of PiBMA is defined over 
a specific region and not at a specific point of temperature. 
4. From the results obtained from the normalized penetration depth vs. 
time in Figure 5.14, which corresponds to the particle penetration into 
polymer surface we conclude that the nanoparticle penetration at all 
temperatures is linear with time.  However, the rate of penetration is 
comparatively faster with increase in temperature i.e., the rate of 
nanoparticle penetration at 45 °C  55 °C 60 °C 65 °C.  
5. The saturation wavelength is same at 45, 55, 60 and 65 °C implying the 
same degree of nanoparticle embedding. 
6. Since the experimental data in Figure 5.14 suggest that the rate of 
penetration, T̂ is almost constant with time, it follows from equation 2 
that the viscous force responsible for the nanoparticle embedding into 
polymer surface is approximately of the form:  Y]  VX%T 8 where  
V  is a constant, X  is the dynamic viscosity, %  is the radius of the 
nanoparticle.  
7. The speed of nanoparticle is thermally activated and the activation 
energy  ) of PiBMA was derived and calculated as 0.5 eV. 





In the present work, the nanoparticle was assumed to be a sphere and 
the effective dielectric constant of the surrounding medium of nanoparticle 
was calculated from averaging the dielectric constant over surface of the 
nanoparticle. However in actual practice since the size and shape of 
nanoparticles varies and due to which reason the effective dielectric constant 
also may vary considerably, the results obtained are close approximations.  
Studying an isolated single nanoparticle will eliminate these common problems 
encountered in the ensemble measurements such as the averaging on 
distribution of sizes, shapes, and structural defects (i.e. at interfaces) and 
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Scope and Method of Study:  
The present work investigates glass transition on a polymer surface by embedding gold 
nanoparticles into the polymer and exploiting the localized surface plasmon resonance 
(LSPR) of the nanoparticle as the probe. The impregnation of nanoparticles into 
polymer causes a spectral shift in LSPR due to the changing dielectric environment 
surrounding nanoparticles. LSPR is sensitive to the close vicinity of nanoparticles 
within a few nm from the nanoparticle surface. Therefore, the diffraction limit of light 
can be beaten by orders of magnitude and impregnation of nanoparticles into the 
polymer can be monitored to a spatial resolution down to a few nm. 
 
Findings and Conclusions:   
Gold nanoparticles at an average size of 8 nm, were synthesized on poly  
isobutyl methacrylate (PiBMA) films on glass by physical vapor deposition. 
Subsequently, time series LSPR spectra of nanoparticle on PiBMA were acquired 
in transmission mode in a temperature controlled optical cell using a CCD 
spectrophotometer. The forced convective heating of the sample by Ar gas 
through the optical cell enables rapid stabilization of the temperature in few 
seconds. The temperature was measured at the sample surface by a K-type 
thermocouple. The effective dielectric constant surrounding the nanoparticle 
was calculated from LSPR optical extinction peak. Depth and velocity of 
penetration of nanoparticle were derived from the measured dielectric 
constant on the basis of dielectric mixing. Two types of measurements were 
conducted. First, the temperature was gradually increased from 25 to 70 ºC at 
5 ºC increments maintaining the sample at each temperature for 10 min. The 
onset of nanoparticle penetration was found to be at between 40 and 45 ºC, 
which is below the reported glass transition of PiBMA by 10 to 15 ºC. Second, 
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until saturation of the LSPR signal (i.e., end of penetration of nanoparticle). 
The penetration velocity was found to be fairly constant in time while 
temperature activated at an energy of 0.65 eV.   
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